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ABSTRACT 

Objective: Progressive muscular atrophy (PMA) is a 
clinical diagnosis characterised by progressive lower 
motor neuron (LMN) symptoms/signs with sporadic 
adult onset. It is unclear whether PMA is simply a 
clinical phenotype of amyotrophic lateral sclerosis 
(ALS) in which upper motor neuron (UMN) signs are 
undetectable. To elucidate the clinicopathological 
features of patients with clinically diagnosed PMA, we 
studied consecutive autopsied cases. 
Design: Retrospective, observational. 
Setting: Autopsied patients. 
Participants: We compared clinicopathological 
profiles of clinically diagnosed PMA and ALS using 
107 consecutive autopsied patients. For clinical 
analysis, 14 and 103 patients were included in clinical 
PMA and ALS groups, respectively. For 
neuropathological evaluation, 13 patients with clinical 
PMA and 29 patients with clinical ALS were included. 
Primary outcome measures: Clinical features, UMN 
and LMN degeneration, axonal density in the corticospinal 
tract (CST) and immunohistochemical profiles. 
Results: Clinically, no significant difference between the 
prognosis of clinical PMA and ALS groups was shown. 
Neuropathologically, 84.6% of patients with clinical PMA 
displayed UMN and LMN degeneration. In the remaining 
15.4% of patients with clinical PMA, neuropathological 
parameters that we defined as UMN degeneration were all 
negative or in the normal range. In contrast, all patients 
with clinical ALS displayed a combination of UMN and 
LMN system degeneration. CST axon densities were 
diverse in the clinical PMA group, ranging from low 
values to the normal range, but consistently lower in the 
clinical ALS group. Immunohistochemically, 85% of 
patients with clinical PMA displayed 43-kDa TAR DNA- 
binding protein (TDP-43) pathology, while 15% displayed 
fused-in-sarcoma (FUS)-positive basophilic inclusion 
bodies. All of the patients with clinical ALS displayed 
TDP-43 pathology. 

Conclusions: PMA has three neuropathological 
background patterns. A combination of UMN and LMN 
degeneration with TDP-43 pathology, consistent with 
ALS, is the major pathological profile. The remaining 
patterns have LMN degeneration with TDP-43 pathology 



Strengths and limitations of this study 



The characteristics of motor neuron involvement in 
amyotrophic lateral sclerosis or progressive muscu- 
lar atrophy were comprihensively described. 
The severity of upper motor neuron involvement 
was semiquantitatively compared between the 
clinical groups, and quantitatively surrogated by 
axonal densities in the corticospinal tract. 
Pathological results clearly indicated the differ- 
ences of upper motor neuron involvement 
between the clinical groups. 
To evaluate the entire regions in the motor 
cortex or the corticospinal tract is not possible. 
We prepared formalin-fixed, paraffin-embedded 
tissues to quantificate axonal densities in the 
corticospinal tract. In this protocol, the tissues 
can be distorted compared with the conventional 
fixation using glutaraldehyde and Epon. The 
results can vary more than those from other 
histological techniques. 



without UMN degeneration, or a combination of UMN and 
LMN degeneration with FUS-positive basophilic inclusion 
body disease. 



INTRODUCTION 

Motor neuron disease (MND) constitutes a 
group of heterogeneous neurodegenerative 
diseases that are associated with progressive 
upper motor neuron (UMN) and/or lower 
motor neuron (LMN) degeneration. A 
portion of MND cases has genetic causes; 
however, the majority of MND cases are spor- 
adic and of unknown aetiology. Amyotrophic 
lateral sclerosis (ALS) constitutes the majority 
of MND cases. ALS is a clinicopathological dis- 
order that presents with progressive UMN and 
LMN symptoms/ signs. Neuropathologically, 
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the UMN and LMN systems exhibit neuronal loss and 
gliosis and Bunina bodies are detected in surviving 
neurons. Although various immunohistochemical profiles 
have been identified in patients with ALS, 43-kDa TAR 
DNA-binding protein (TDP-43) is the major pathological 
protein in sporadic ALS. 1 

In contrast, MND that presents with LMN symptoms/ 
signs alone occurs in several disorders, including genet- 
ically mediated disorders such as, spinal muscular 
atrophy (SMA), symmetrical axonal neuropathy and 
spinal and bulbar muscular atrophy (SBMA). 2 3 
Additionally, a sporadic and adult-onset LMN disease 
has been referred to as progressive muscular atrophy 
(PMA). 3 4 Although the revised El Escorial criteria, the 
standard diagnostic criteria for ALS, exclude patients 
who only present with LMN symptoms/signs, several 
studies have revealed that a subset of patients with clinic- 
ally diagnosed PMA exhibit the neuropathological hall- 
marks of ALS. Postmortem histopathological studies 
have revealed corticospinal tract (CST) degeneration in 
more than half of the patients with MND clinically limited 
to LMN symptoms/ signs. 5 6 TDP-43-immunoreactive inclu- 
sions have been detected in the LMNs and cortical 
neurons of patients with PMA. 7 8 The disease course of 
PMA is relentlessly progressive, although somewhat 
longer than that of ALS. 2 4 9 10 

However, it is unclear whether clinically diagnosed 
PMA is simply a clinical phenotype of ALS in which 
UMN symptoms /signs are undetectable. In this study, we 
investigated the clinicopathological profiles of patients 
with clinically diagnosed PMA compared with those of 
patients with clinically diagnosed ALS using a series of 
consecutive adult-onset sporadic MND autopsy cases. 



METHODS 

Patients and clinical evaluations 

We enrolled 130 consecutive autopsied patients who 
were clinically diagnosed with and pathologically con- 
firmed as suffering from sporadic, adult-onset MND at 
the Department of Neuropathology of the Institute for 
Medical Science of Aging at the Aichi Medical 
University from January 1998 to December 2010. All of 
the patients had been clinically evaluated by neuro- 
logical experts at the Nagoya University Hospital, the 
Aichi Medical University Hospital or their affiliated hos- 
pitals. Permission to perform an autopsy and archive the 
brain and spinal cord for research purposes was 
obtained from the patients' relatives by the attending 
physician after death. We evaluated the clinical profiles 
of the included patients by retrospectively reviewing case 
notes written at the time of diagnosis and in an 
advanced disease stage. Disease onset was defined as the 
time at which patients became aware of muscle weak- 
ness. The inclusion criteria for the patients with MND 
were as follows: older than 18 years at disease onset; 
no family history of ALS, PMA, progressive lateral scler- 
osis, inherited SMA or SBMA or any other 



neurodegenerative disorder; motor neuron involvement 
based on neurological examination and neuropatho- 
logical evidence of neuronal loss and gliosis in the UMN 
and/ or LMN systems that were not due to any cerebro- 
vascular diseases, metabolic disorders, genetic neuro- 
logical disorders, inflammatory disorders, neoplasms or 
traumas. We excluded 22 patients due to invalid clinical 
data and 1 patient with only UMN symptoms/signs 
throughout his disease course; 107 patients were ultim- 
ately included in this study. Based on the clinical data, we 
separated these 107 patients with MND into two groups, 
namely the clinical PMA and clinical ALS groups. 
According to a previous study, 4 clinical PMA was defined 
by neurological evidence of LMN involvement (decreased 
or diminished deep tendon reflexes and muscle atrophy) 
and a lack of UMN symptoms/ signs (increased jaw jerk, 
other exaggerated tendon reflexes, Babinski sign, other 
pathological reflexes, forced crying and forced laughing) 
throughout the clinical course. Patients who exhibited 
motor conduction block (s) based on extensive standar- 
dised nerve conduction studies, 11 exhibited objective 
sensory signs (apart from mild vibration sensory distur- 
bances in elderly patients) or had a history of diseases 
that may mimic MND (eg, spinal radiculopathy, poliomy- 
elitis and diabetic amyotrophy) were not included in the 
clinical PMA group 4 We defined clinical ALS, based on 
the revised El Escorial criteria, as fulfilling 'possible' or 
above categories, which require UMN signs/symptoms in 
at least one region of the body. 12 

Pathological evaluations 

For pathological evaluations, we excluded one patient 
with clinical PMA due to severe anoxic changes in the 
brain and four patients with clinical ALS due to insuffi- 
cient tissue material. Ultimately, we enrolled 13 patients 
with clinical PMA for pathological evaluations. For com- 
parison, we enrolled 29 patients with clinical ALS who 
were consecutively autopsied during the past 5 years of 
the study period (after January 2006). Additionally, 
13 age-matched controls (mean age at death 68 
±6.91 years) were enrolled. We prepared 8 mm coronal 
sections of the cerebrum and 5 mm axial sections of the 
brainstem. The tissues were fixed using 20% neutral- 
buffered formalin, embedded in paraffin and sectioned 
at a thickness of 4.5 (im. We evaluated the sections from 
the precentral gyrus (four segments from the left hemi- 
sphere), hippocampus, brainstem and spinal cord. In all 
cases, the spinal cord was examined at all segment 
levels. Two investigators (YR and MY) evaluated the 
degeneration of the motor neuron systems and the 
immunohistochemical profiles of the included patients. 
The investigators were completely blinded to each 
patient's ID and the clinical diagnosis corresponding to 
each specimen. With respect to the degeneration of 
motor neuron systems, the severity of motor neuron loss 
in the primary motor cortex, facial and hypoglossal 
nuclei and spinal anterior horns, myelin pallor within 
the CST and aggregation of macrophages within the 
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primary motor cortex and CST were evaluated. The eva- 
luations were performed on the most severely affected 
lesions and graded as none (-), mild (+), moderate (++) 
or severe (+++; figure 1). The immunohistochemical pro- 
files were evaluated using anti-pTDP-43 and 
antifused-in-sarcoma (FUS) antibodies in the LMN 
system and cerebrum. For the routine neuropatho- 
logical examinations, the sections were subjected to 
H&E or Kluver-Barrera staining. Immunohistochemistry 
was performed according to a standard polymer-based 
method using the EnVision Kit (Dako, Glostrup, 
Denmark). The primary antibodies used in this study 
were antiubiquitin (polyclonal rabbit, 1:2000; Dako, 
Glostrup, Denmark), anti-TDP-43 (polyclonal rabbit, 



1:2500; ProteinTech, Chicago, Illinois, USA), antipho- 
sphorylated TDP-43 (pTDP-43 ser 409/410, polyclonal 
rabbit, 1:2500; CosmoBio, Tokyo, Japan), anti-FUS 
(polyclonal rabbit, 1:500; Sigma Aldrich, St Louis, 
Missouri, USA), anti-oc internexin (monoclonal mouse, 
1:1000; Invitrogen, Carlsbad, California, USA), antiperi- 
pherin (polyclonal rabbit, 1:200; Millipore, Billerica, 
Massachusetts, USA), anti-CD68 (monoclonal mouse, 
1:200; Dako, Glostrup, Denmark), antiphosphorylated 
neurofilament (pNF, monoclonal mouse, 1:600; Dako, 
Glostrup, Denmark) and parvalbumin (polyclonal 
mouse, 1:1000; Sigma Aldrich, St Louis, Missouri, 
USA). Diaminobenzidine (Wako, Osaka, Japan) was 
used as the chromogen. 




Figure 1 Measures of degeneration in the upper motor neuron system. (A-D) Loss of Betz cells in the primary motor cortex: 
stage (-), the Betz cells were spared in number and gliosis was absent (A); stage (+), mild neuronophagia and gliosis were 
noted (B) and stage (++), marked neuronophagia and glial proliferation were observed (C). (D-K) Aggregation of CD68 
macrophages in the primary motor cortex (D-G) and the corticospinal tract in the lateral column of the spinal cord (H-K): stage 
(-), the aggregates were absent (D and H); stage (+), the aggregates were occasionally present (E and I); stage (++), the 
aggregates were present at a number of 1-5/ x100 field (F and J) and stage (+++), the aggregates were diffusely observed (G 
and K). (L-O) Myelin pallor in the corticospinal tracts (CST) of the lateral column of the spinal cord: stage (-), myelin pallor was 
not detected (L); stage (+), myelin pallor was slightly notable (M); stage (++), myelin pallor was moderate (N) and stage (+++), 
the CST was entirely pale. (A-C) H&E staining, (D-K) anti-CD68 immunohistochemistry and (L-O) Kluver-Barrera staining. Scale 
bars: (A-G) 100 jim, (H-K) 50 \m\ and (L-O) 3 mm. 
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Quantitative analysis of large axonal fibres in the CST 

To evaluate the degeneration of axonal fibres in 
the CST, we calculated the density of axonal fibres in the 
lateral column of the spinal cord. Specimens corre- 
sponding to the C5-6 levels were prepared for all of the 
patients and 13 controls. For this assay, the 
paraffin-embedded spinal cords were immunostained 
using the anti-pNF antibody and diaminobenzidine as 
chromogen without additional nuclear staining to visual- 
ise only axons as brown particles. The microscopic views 
were binarised and automatically recognised using 
Luzex AP software (Nireco, Tokyo, Japan) that was 
coupled to the microscope via a CCD video camera. 
This software automatically measured the particle counts 
and diameters on the binarised pictures. 13 Axonal 
counts were evaluated on five areas of 10 000 Jim 2 
(x40 objective) randomly chosen from the CST of the 
spinal lateral column in each patient and averaged. To 
validate duplicability between tests, we constructed two 
axon size histograms from 13 ipsilateral control samples 
(see online supplementary file). Briefly, the variability 
between the test and retest was sufficiently small to 
count the axons for each axon size. We constructed a 
histogram of axonal sizes in the CST (figure 2A), and 
the density of the large axons (axonal fibres/ 10 000 
jam 2 ) was calculated (figure 2B,C) for patients with PMA 
and ALS and control samples. 



Statistical analysis 

The demographic features of patients with PMA and 
ALS were compared using the Mann-Whitney U test for 
continuous variables or the Pearson's % 2 test or Fisher's 
exact test to assess bivariate correlations. The 
Kruskal-Wallis test was used for analyses between three 
groups, and the t test was used for analyses between two 
groups. The significance level was set at a p value of 0.05 
for comparisons between two groups and 0.016 for com- 
parisons between three groups. All of the statistical tests 
performed were two-sided and were conducted using 
the software program PASW V.18.0 (IBM SPSS) . 

RESULTS 

Demographic features of the registered patients 

The included patients consisted of 67 men and 40 
women. The mean age at disease onset was 62.7 
±12.4 years, and the median duration from disease onset 
to death was 27 months (range 2-348 months) . 
Seventeen patients were treated with tracheostomy 
positive-pressure ventilation (TPPV). Initial symptoms 
included upper limb weakness in 40.2%, lower limb 
weakness in 32.7%, bulbar symptoms in 24.3% and 
respiratory symptoms in 2.8% of the included patients. 
Fourteen (13.1%) patients were categorised into the 
clinical PMA group, and 93 (86.9%) patients were 
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Figure 2 Quantitative analysis of the axonal fibres in the corticospinal tract. (A) Phosphorylated neurofilament (pNF)-positive 
fibres were automatically binarised using Luzex AP software. The density of pNF-positive axons (particles/10 000 urn 2 ) was 
automatically calculated using averaged data from five fields (x400). The histogram of axonal sizes revealed that the percentages 
of axons that were more than 1 um in diameter were smaller in ALS and PMA than in controls. (B) The large axonal fibres more 
than 1 jim in diameter were automatically recognised, binarised and counted using the software to successfully evaluate the 
axonal density. (C) There were significant differences in the densities of axons that were more than 1 um in diameter between all 
pairs of clinical groups: p=0.001 (*) between the clinical amyotrophic lateral sclerosis (ALS) and clinical progressive muscular 
atrophy (PMA) groups, p=0.001 (*) between the clinical PMA and control groups and p<0.001 (**) between the clinical ALS and 
control groups. All patients diagnosed with clinical ALS exhibited lower values than the controls. In contrast, the results of the 
clinical PMA group were widely diverse, ranging from low values to values within the normal range. 
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classified into the clinical ALS group. With regard to 
clinical diagnosis, 10 (71.4%) of 14 patients with clinical 
PMA and 88 (94.6%) of 93 patients with clinical ALS 
were correctly diagnosed as PMA or ALS by the first 
referred physicians. However, one patient with clinical 
PMA and four patients with clinical ALS were initially 
diagnosed as having cervical or lumbar canal stenosis 
based on focal weakness restricted to one upper or 
lower limb and canal stenosis on MRI. One of the 
patients with clinical PMA was initially diagnosed as 
having carpal tunnel syndrome based on weakness 
restricted to the distal area of the median nerve in the 
right hand. One of the patients with clinical PMA was 
diagnosed as having polyradiculopathy because the 
cauda equina was slightly enhanced on 
gadolinium-enhanced MRI. One of the patients with 
clinical PMA was initially diagnosed as having myositis 
based on myalgia and slight lymphatic infiltration on a 
muscle biopsy. One of the patients with clinical ALS was 
initially diagnosed as having parkinsonian syndrome 
because the patient showed bradykinesia due to marked 
rigospasticity in the limbs. The demographic features of 
patients with clinical PMA and ALS are presented in 
table 1. In summary, no significant differences in the 
age at onset, male-to-female ratio, clinical duration 
(whether including or excluding the TPPV treatment 
period) or initial symptoms were detected between the 
clinical PMA and ALS groups. 



Pathological evaluations 

Degeneration in the UMN system 

Loss of Betz cells in the primary motor cortex 

Ten (76.9%) of the 13 patients with clinical PMA exhib- 
ited a loss of Betz cells, which was severe in 3 (23.1%) of 
these patients (figure 3). However, in 2 (15.4%) of the 
13 patients with clinical PMA, no loss of Betz cells or 
gliosis in the primary motor cortex was detectable. In 
contrast, all of the patients diagnosed with clinical ALS 
exhibited a loss of Betz cells, which was severe in 10 
(34.5%) of the 29 patients with clinical ALS. There was 



no significant difference in the severity of this patho- 
logical change between the clinical groups. 

Aggregation of macrophages in the primary motor cortex 

The aggregation of CD 68 macrophages in the primary 
motor cortex was detected in 10 (76.9%) of the 13 
patients with clinical PMA. In contrast, all of the patients 
diagnosed with clinical ALS exhibited the aggregation of 
macrophages in the primary motor cortex. When com- 
paring the clinical groups, this pathological change was 
significantly more severe in clinical ALS than clinical 
PMA (p=0.048). 



CST degeneration 

Myelin pallor was present in 8 (61.5%) of the 13 patients 
with clinical PMA. The aggregation of macrophages 
within the CST was detected in 11 (84.6%) of the 13 
patients with clinical PMA. In the clinical ALS group, all 
patients exhibited myelin pallor and macrophage aggre- 
gation in the CST. When comparing the clinical groups, 
this pathological change was significantly more severe in 
clinical ALS than clinical PMA (p=0.004). 



Degeneration in the LMN system 

All of the patients diagnosed with either clinical PMA or 
ALS exhibited neuronal loss in the spinal anterior horns 
(figure 3). This neuronal loss was severe in 11 (84.6%) 
of the 13 patients with clinical PMA and 20 (69%) of 
the 29 patients with clinical ALS. All of the patients diag- 
nosed with clinical PMA and 27 (93.1%) of the 29 
patients with clinical ALS exhibited neuronal loss in the 
cranial nerve nuclei. This neuronal loss was severe in 6 
(46.2%) of the 13 patients with clinical PMA and 11 
(37.9%) of the 29 patients with clinical ALS. When com- 
paring the clinical groups, there was no significant dif- 
ference in the severity of LMN loss. Eight (61.5%) of 
the 13 patients with clinical PMA and 24 (82.8%) of the 
29 patients with clinical ALS displayed Bunina bodies in 
the LMN system. 



Table 1 Demographic features of clinical patients with PMA and ALS 




Clinical PMA 


Clinical ALS 


p Value 


Number of patients 


14 


93 




Age at onset (years, mean±SD) 


60.8±10.8 


63.0±12.7 


0.388* 


Male/female 


10/4 


57/36 


0.563t 


Duration from onset to death (months; median, range)$ 


21 (5-192) 


29 (2-348) 


0.764* 


Initial symptoms (number of patients) 








Bulbar symptoms 


3 (21.4%) 


23 (24.7%) 


0.738t 


Upper limb weakness 


5 (35.7%) 


38 (40.9%) 


0.738t 


Lower limb weakness 


5 (35.7%) 


30 (32.3%) 


0.738t 


Respiratory symptoms 


1 (7.1%) 


2 (2.2%) 




*Mann-Whitney U test. 








tFisher's exact test. 








^Including the TPPV treatment period. 








ALS, amyotrophic lateral sclerosis; PMA, progressive muscular atrophy; TPPV, tracheostomy positive-pressure ventilation. 
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Motor neuron pathology in Clinical PMA and ALS patients 



Patients 



1 



10 11 12 13 



9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 



Age at death 
Female / Male 
Clinical Duration (years) 
TPPV 

Primary motor cortex 

Loss of Betz cells - 
Aggregation of macrophages - 
Corticospinal tract 

Myelin pallor (KB) - 
Aggregation of macrophages — 
Cranial nerve nucleus 
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TDP-43-positive NCI 

Primary motor cortex + 

Hippocampal dentate gyrus + 

Cranial nerve nucleus (VII/XII) + 
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Primary motor cortex + 
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Spinal anterior horn * 
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0.455 
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Figure 3 Summary of the neuropathological findings in the included patients. The stages of the pathological changes 
correspond to those in figure 1. Pathological changes between the clinical groups were compared using Pearson's % 2 test. ALS, 
amyotrophic lateral sclerosis; FUS, antifused-in-sarcoma; GCI, glial cytoplasmic inclusions; KB, Kluver-Barrera staining; NCI, 
neuronal cytoplasmic inclusion; PMA, progressive muscular atrophy; TDP-43, 43 kDa TAR DNA-binding protein; TPPV, 
tracheostomy positive-pressure ventilation. 



Immunohistochemical profiles 

In 11 (84.6%) of the patients with clinical PMA, we 
detected ubiquitin and TDP-43-positive neuronal cyto- 
plasmic inclusions (NCIs) in the LMN system (figure 3). 
In eight of these patients, TDP-43-positive NCIs were 
also detected in the primary motor cortex. All of the 
patients with clinical ALS displayed ubiquitin and 
TDP-43-positive NCIs in the LMN system. Moreover, 
TDP-43-positive glial cytoplasmic inclusions were 
observed in the spinal anterior horn and primary motor 
cortex in all of the TDP-43-positive patients of the clin- 
ical ALS and PMA groups. In contrast, two of the 
patients with clinical PMA (15.4%) exhibited basophilic 
inclusion bodies in the neuronal cytoplasm, which were 
broadly extended throughout the central nervous 
system. These inclusions were positive for FUS but nega- 
tive for TDP-43, oc-internexin and peripherin. 

Quantitative analysis of large axonal fibres in the CST 

The histogram of axonal sizes revealed that the percent- 
age of axons that were greater than 1 (im in diameter 
was smaller in ALS (18.5%) and PMA (23.9%) than in 
controls (32.3%), resulting in a relative increase in the 
percentage of smaller axons (figure 2). Then, we mea- 
sured the densities of large axons that were greater than 



1 (im in diameter. The average densities were as follows: 
clinical ALS, 68.3±20.9 fibres/10 000 Jim 2 ; clinical PMA, 
97.2±31.5 fibres/ 10 000 Jim 2 and controls, 129.1±6.1 
fibres/ 10 000 jim 2 (p=0.001 between the clinical ALS 
and PMA groups; p=0.001 between the clinical PMA and 
control groups; p<0.001 between the clinical ALS and 
control groups) . All patients diagnosed with clinical ALS 
exhibited lower values than the range of normal values 
that was obtained from the controls. In contrast, the 
results from the clinical PMA group were widely diverse. 
The results from 5 (38.5%) of the 13 patients with clin- 
ical PMA were within the normal range, but 8 (61.5%) 
of these patients exhibited lower values than the normal 
range. One patient with PMA who had been treated with 
TPPV exhibited an exceptionally low value. 

Pathological overview of the patients diagnosed with clinical 
PMA or clinical ALS 

Clinical PMA: 11 (84.6%) of the 13 patients with clinical 
PMA displayed UMN degeneration (either the loss of 
Betz cells, myelin pallor or the aggregation of macro- 
phages in the primary cortex or CST) and LMN degen- 
eration. Nine of these patients exhibited TDP-43-positive 
inclusions and the remaining 2 patients displayed 
FUS-positive basophilic inclusion bodies. Their large 
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CST axon densities were diverse, ranging from low 
values to values within the normal range that were 
obtained from the control participants. In 2 (15.4%) of 
the 13 patients with clinical PMA, neuropathological 
parameters that we defined as UMN system degener- 
ation were all negative. Their large CST axon density was 
within the normal range. These two patients exhibited 
abundant TDP-43-positive neuronal and glial inclusions 
in the LMN and, occasionally, in layers II— III of the 
primary motor cortex and the hippocampus. The 



pathological findings from the representative patients 
are shown in figure 4. 

Clinical ALS: All 29 patients displayed a combination 
of UMN and LMN system degeneration and exhibited 
TDP-43-positive inclusions. 

Additionally, of the respirator-managed patients, three 
patients (patient 13 of clinical PMA and patients 27 and 
28 of clinical ALS) showed diffusely extended neuronal 
loss, gliosis and TDP-43 pathology beyond the motor 
neuron systems, which involved all layers of the cerebral 




Figure 4 Neuropathological profiles of the patients in the clinical progressive muscular atrophy group. (A-J) correspond to 
patient 2. The corticospinal tracts (CST) did not display myelin pallor (A), loss of large axonal fibres (B), or aggregation of 
macrophages (C). Additionally, in the primary motor cortex, neither the loss of Betz cells (D) nor aggregation of macrophages (E) 
was detected. The upper layers of the primary motor cortex rarely contained phosphorylated 43 kDa TAR DNA-binding protein 
(pTDP-43)-positive neuronal (F) and glial (G) inclusions. The spinal anterior horn displayed severe neuronal loss (H), 
pTDP-43-positive skein-like inclusions (I) and Bunina bodies (J). (K-M) correspond to patient 12. The CST displayed myelin 
pallor (K) and the depletion of large axonal fibres (L). Neuronophagia was often found in the primary motor cortex (M, arrows). 
(N and O) correspond to patient 6. The spinal motor neurons contained basophilic inclusion bodies (N) that were positive for 
antifused-in-sarcoma (FUS) based on immunohistochemistry (O). (A and K) Kluver-Barrera staining, (B) antiphosphorylated 
neurofilament immunohistochemistry, (C and E) anti-CD68 immunohistochemistry, (D, H, J and M) H&E staining, (F, G and I) 
anti-pTDP-43 immunohistochemistry and (O) anti-FUS immunohistochemistry. Scale bars: (A and K) 3 mm, (D and E) 100 jim, 
(C, H and M) 50 jam, (B) 20 \xm and (F, G, I, J, N and O) 1 0 \xm. 
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neocortices, the striatum, thalamus, cerebellar dentate 
nucleus and non-motor nuclei in the brainstem, includ- 
ing the substantia nigra, red nucleus, periaqueductal 
grey matter, inferior olivary nucleus and reticular 
formation. 



DISCUSSION 

Our study demonstrated the clinicopathological profiles 
of patients with clinical PMA and ALS in a consecutive 
autopsy series. The clinical evaluations in this study 
revealed rapid disease progression and short survival 
duration in patients with clinical PMA, which are analo- 
gous courses to those that are characteristic of clinical 
ALS. Contrary to our results, it has been described that 
PMA exhibits slower progression and longer survival dur- 
ation compared with ALS. 3 However, recent studies 
revealed that PMA follows a relentlessly progressive 
course and that the survival duration is not much longer 
than that of ALS. 2 4 9 10 14 xhe relatively small number 
of patients in our study may have contributed to the 
absence of significant differences in the survival dura- 
tions between the clinical PMA and ALS groups. 

Our pathological results indicate that, of the patients 
with clinical PMA, 85% exhibited degeneration in the 
UMN and LMN systems, which corresponds with ALS. 
However, the remaining 15% of patients with clinical 
PMA lacked any apparent degeneration in the UMN 
system. A previous study reported that approximately 
50% of all patients with PMA exhibit macrophages in 
the CST. 5 Another report demonstrated the degener- 
ation of the pyramidal tract and loss of Betz cells in 65% 
and 60%, respectively, of the patients diagnosed with the 
PMA phenotype. 6 Our results revealed that patients with 
PMA more frequently had degeneration in the UMN 
system than those reported in previous studies; however, 
in a few patients with PMA, UMN degeneration 
remained undetectable at death. Our pathological 
results revealed differential UMN involvement between 
patients with PMA and indicated that PMA and ALS are 
continuous pathological entities. Regarding immunohis- 
tochemical aspects, several studies have revealed that 
TDP-43 pathology is commonly observed in the cerebral 
cortices or the subcortical grey matter of patients with 
PMA. 7 8 In our results, TDP-43-positive neuronal or glial 
inclusions in the motor cortices or hippocampus were 
common in the clinical ALS and PMA groups and were 
found even in patients apparently lacking UMN degen- 
erative changes. A recent report described the propaga- 
tion of TDP-43 pathology in ALS, which starts from the 
UMN and LMN systems and spreads to the anteromedial 
temporal lobes through the motor neuron system. 15 
Based on this theory of TDP-43 propagation, TDP-43 
pathology beyond the LMN system in patients with PMA 
may support the pathological continuity between these 
two clinical phenotypes. 

The standard diagnostic criteria for ALS are the 
revised El Escorial criteria, which require a combination 



of UMN and LMN symptoms/ signs for the diagnosis of 
ALS. 12 However, it is often difficult to clinically deter- 
mine whether the UMN is involved, 16 which sometimes 
results in diagnostic difficulty. In our patient series, only 
71.4% of the patients with clinical PMA were correctly 
diagnosed by the first referred physicians, although 
94.6% of the patients with clinical ALS were diagnosed 
correctly. Recently, several studies have demonstrated the 
utility of radiological procedures, including transcranial 
magnetic stimulation, X H MR spectroscopy and diffusion 
tensor imaging in the detection of UMN system deterior- 
ation in a subset of patients with PMA. 14 17-20 Based on 
our results, a large subset of patients with PMA may have 
some degree of UMN degeneration. In such patients, 
these radiological or electrophysiological procedures 
would be expected to increase the sensitivity of detec- 
tion of UMN degeneration. However, our results also 
indicate that some of the patients with PMA exhibit 
sparse morphological changes in the UMN system, even 
at death. It may be difficult to detect UMN degeneration 
using these procedures in such patients. To diagnose 
clinical patients with PMA displaying sparse UMN 
degeneration as ALS in the early phase of the disease 
course may be a future subject of focus. 

A limitation of our study was the inability to evaluate 
the entire motor cortex and CST, and it is controversial 
whether patients with apparently intact UMN systems 
actually lack or have extremely mild UMN involvement. 
Another methodological limitation is that we evaluated 
axonal sizes and densities using neutral formalin-fixed, 
paraffin-embedded specimens. The tissues may be some- 
what distorted when compared with conventional nerve 
fixation using glutaraldehyde followed by Epon embed- 
ding. Our methods were considered to be appropriate 
to assess the proportional changes in the sizes of pyram- 
idal axons, but the absolute values of axonal diameters 
can vary from those that have been obtained using other 
histological techniques. 13 

In summary, 84.6% of patients with clinical PMA dis- 
played UMN and LMN degeneration, which is consistent 
with the pathological profiles of ALS. In 15.4% of the 
patients with clinical PMA, degeneration in the UMN 
system was undetectable. The large axon density in the 
CST varied from low values to a normal range. In con- 
trast, all of the clinical patients with ALS displayed a 
combination of UMN and LMN system degeneration 
and significantly reduced large axon density in the CST. 
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